High concentrations ͑3-5 at. %͒ of Fe were incorporated into p-GaN by direct implantation at elevated substrate temperature ͑350°C͒. Subsequent annealing at 700°C produced apparent ferromagnetic behavior up to ϳ250 K for the 3 at. % sample. Selected area diffraction patterns did not reveal the presence of any other phases in the Fe-implanted region. The direct implantation process appears promising for examining the properties of magnetic semiconductors with application to magnetotransport and magneto-optical devices.
The Curie temperatures, T C , of ͑In, Mn͒As ͑Ref. 11͒ and ͑Ga, Mn͒As ͑Refs. 4 and 12͒ are relatively low ͑ϳ35 and 110 K, respectively͒ and from practical considerations it is desirable to find materials with higher values. Recent calculations based on a Zener model of ferromagnetism predict the possibility that wide band gap systems such as ͑Ga, Mn͒N and ͑Zn, Mn͒O might have T C values above room temperature. 13 Mean-field theory models suggest that the T C 's in Mn-doped compound semiconductors would be proportional to the valence band density-of-states in the host. 14 At present, little is known about the properties of GaN heavily doped with impurities that might induce ferromagnetic behavior. Some initial reports have appeared on microcrystalline Ga 1Ϫx Mn x N with Mn contents up to xϭ0.05 which exhibited ferromagnetic behavior. 15, 16 Akinaga et al. 17 reported ferromagnetic properties at Ͻ100 K in heavily Fedoped GaN grown by low temperature ͑380°C͒ molecularbeam epitaxy. We have found apparent ferromagnetic behavior in Mn-implanted p-GaN at temperatures up to ϳ250 K for implanted Mn concentrations of 3-5 at. %. 18 The implantation process is a simple approach for introducing magnetic ions into different host materials and could readily be used for making selected-area contact regions for injection of spin-polarized current into device structures.
In this letter, we report on the properties of p-GaN implanted with Fe at doses designed to produce concentrations of 3-5 at. % at the peak of the implanted profile. The samples were annealed at 700°C and under these conditions, they do not show any evidence of secondary phase formation, at least to the 20 Å sensitivity of transmission electron microscopy ͑TEM͒ and selected area diffraction pattern ͑SADP͒ analysis. Ferromagnetic behavior was observed in the implanted samples that is consistent with published results on epitaxial Fe-doped GaN. 17 The p-GaN samples were grown by metalorganic chemical vapor deposition on Al 2 O 3 substrates using triethylgallium and ammonia as precursors and Cp 2 Mg as the Mg dopant source. The acceptor concentration measured by capacitance-voltage was ϳ2ϫ10
19 cm Ϫ3 , with a hole concentration of ϳ3ϫ10 17 cm Ϫ3 at 25°C due to the deep ionization level of the Mg ͑ϳ170 meV͒. The total epilayer thickness was 4 m. Fe ϩ ions were implanted at an energy of 250 keV at a dose of ϳ3 -5ϫ10 16 cm Ϫ2 to produce average volume concentrations of ϳ3-5 at. % in the top ϳ2000 Å of the GaN. Amorphization of the implanted region was avoided by holding the samples at ϳ350°C during the implantation. 19, 20 Annealing was performed at 700°C for 5 min under flowing N 2 gas with the samples face down on another GaN wafer. The crystalline quality of the implanted regions was examined by TEM and SADP analysis, while the magnetic properties were measured in a Quantum Design MPMS superconducting quantum interference device magnetometer.
Figure 1 ͑top and center͒ shows some cross sectional TEM micrographs of the 3 at. % Fe-implanted GaN at different magnifications. There is residual disorder in the form of a͒ Electronic mail: spear@mse.ufl.edu APPLIED PHYSICS LETTERS VOLUME 79, NUMBER 21 19 NOVEMBER 2001 dislocation loops extending throughout the implanted region, with an increased intensity toward the end-of-range of the Fe. The total damage depth is ϳ0.22 m, which correlates fairly well with the Fe incorporation depth obtained from transport-of-ions-in-matter ͑TRIM͒ simulations. The bottom of Fig. 1 shows the SADP from the implanted region. There are no obvious extra spots from secondary phase formation and only the diffraction from the GaN hexagonal crystal structure is observed. This is similar to the case of SiC single crystals implanted with Fe under the same conditions, where we also did not observe secondary phases after annealing. 21 The apparent ferromagnetic behavior cannot be attributed to superparamagnetism since we did not observe aggregation of particles within the 20 Å sensitivity of TEM. ͑If the size of the superparamagnetic Fe particles was 20 Å, the blocking temperature would be of the order of 1 K.͒ Our results are consistent with the previous molecular-beam epitaxy-grown GaN ͑Fe͒ results in which ϳ1 at. % of Fe was incorporated substitutionally on the Ga site and no other phases such as Fe x N precipitates were observed. 17 Note that it is difficult to directly compare the results here with those from Ref. 17 because we quote the total concentration of Fe introduced, which is most likely not all contributing to the magnetization. Figure 2 shows the magnetization curve at 10 K for the 3 at. % Fe-implanted GaN annealed at 700°C. A coercive field of 100 Oe was measured after subtracting out a diamagnetic background. Figure 3 shows the magnetization curve at 10 K from the 5 at. % Fe-implanted GaN. The coercive field for the 5 at. % Fe implanted GaN sample is slightly larger ͑125 Oe͒. The Fe implantation clearly induces a major change in the magnetic properties of the GaN, because the unimplanted material is diamagnetic. The inset of Fig. 4 shows the magnetization as a function of temperature for both field-cooled ͑FC͒ and zero-field-cooled ͑ZFC͒ conditions for the 3 at. % Fe implanted GaN, whereas the main part of Fig. 4 shows the difference in magnetization between the two conditions. The ferromagnetic contribution is present up 250 K in these samples. Our previous results on Mn-implanted GaN found a ferromagnetic contribution present below ϳ250 K as well, but in that case platelet-type regions were observed which were suggested to be Ga x Mn 1Ϫx N. 18 The origin of the magnetic behavior in the Fe-implanted GaN is less clear, since the effective hole concentration is certainly less than the 2 17 cm Ϫ3 present in the starting sample due to residual implant damage. The trapping of holes by these damagerelated centers and the donor nature of residual damage both lead to reduced carrier concentrations. Theory suggests much higher hole densities (у10 20 cm
Ϫ3
) are necessary for carriermediated ferromagnetism. 13 The difference between FC and ZFC curves for the 5% sample extrapolates to zero at a somewhat lower temperature. The decrease in apparent Curie temperature relative to the 3 at. % Fe-implanted GaN may be due to a lower hole concentration as a result of more residual implant-induced donor levels. Past work on the electrical effects of implant damage in GaN have established its donor nature, 22 which would reduce the hole concentration in the samples.
Since the origin of the ferromagnetism in Fe-implanted GaN is still not clear, it is difficult to compare the T C values observed experimentally with those predicted by theory. 13 In particular, the hole concentrations in implanted material with residual damage are many orders of magnitude lower than assumed in the theoretical predictions. Hall measurements on our samples showed the hole concentration to be р10 16 cm Ϫ3 . The other question is how high levels of Fe incorporation would affect the hole concentration, even in epitaxially grown material. If the Fe has a deep level energy state in the gap with a significant capture cross section for holes, then at room temperature most of the holes in the GaN would be trapped at these centers. Since the T C is expected to be a strong function of both the Fe ion concentration and the hole density, it would be necessary to have both as high as possible. At the very least, ion implantation of different impurities into GaN is an efficient method for examining their effectiveness in creating ferromagnetism and can be used as a way of screening the various impurities and finding the most likely ones to succeed during epitaxial growth.
In summary, high dose implantation of Fe into p-GaN produced apparent ferromagnetism up to approximately 250 K. This behavior is consistent with previous results on epitaxial GaN͑Fe͒. Future work should focus on the improvement in Curie temperature by increasing both Fe solubility and the hole concentration in the GaN.
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